Introduction
Centrioles are cylindrical structures with a signature morphological motif of nine specialized microtubules symmetrically arranged about a central core (figure 1a). Mature centrioles are differentiated along their length for different functions. The distal end of the centriole is often specialized by the addition of appendages to organize microtubules and to nucleate a cilium [1, 2] , and interacts with the plasma membrane during ciliogenesis. The proximal end of the centriole is specialized to recruit a matrix of pericentriolar material proteins that support microtubule nucleation, and organization of microtubule arrays [3] . Centrioles are present in all eukaryotic species that form cilia and flagella, but are absent from higher plants and higher fungi which do not have cilia. Importantly, basal members of the plant and fungal groups do have centrioles and cilia, suggesting that these organelles are among the features that defined the earliest eukaryotic ancestor [4] .
The structural complexity of the centrioles is reflected in the large number of centriole proteins identified by a combination of genomic and proteomic approaches in the past decade [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . Some of the centriole proteins are conserved in all organisms with centrioles, suggesting that centrioles in divergent eukaryotes are likely to derive from a common ancestral structure [4, 20, 21] . By contrast, some centriole proteins are unique to a subset of organisms and tissues and these differences are probably owing to the diversity of contexts in which centrioles assemble and function.
In dividing cells, centrioles duplicate once per cell cycle, adjacent to a preexisting centriole. What specifies the structure of a centriole, its location, orientation and copy number has been a longstanding question since the initial observations of the events of centriole duplication. The 'parts list' for the centriole is probably nearly complete, and the more recent challenge has been to address how these parts fit together to assemble centrioles. In this review, we first discuss the underlying mechanisms for the morphological duplication of centrioles, and how the complex ultrastructure of centrioles with ninefold symmetry and a welldefined length is established. We next describe progress in our understanding of how cells ensure centriole copy number in successive cell division and also how these control mechanisms are modified in different contexts.
Morphological duplication of centriolescentriole biogenesis
The structure of centrioles is remarkably conserved across the eukaryotic kingdom (figure 1a). All known centrioles are cylindrical in shape and are composed of a ninefold symmetric array of microtubules. However, among different organisms, these microtubule arrays can comprise singlet, doublet or triplet microtubules, and centriole size ranges from 100 to 250 nm in diameter and from 100 to 400 nm in length [4] . As usual in biology, there are some known exceptions to these rules, which presumably represent evolutionary adaptation of the conserved structure [22] . The morphological events of the centriole duplication cycle have been well defined through electron microscopy at the ultrastructural level [23 -27] (figure 1). Centriole duplication begins at the G1 -S transition, when a new daughter centriole, termed a procentriole, begins to grow orthogonally from the proximal end of each of the two existing centrioles, termed mother centrioles. Once formed, procentrioles elongate through S and G2 phases. At the end of mitosis, the mitotic spindle segregates the duplicated centriole pairs, so that each resulting daughter cell contains two centrioles. Here, we discuss what is known of how the morphological duplication of the defining features of centrioles is accomplished each cell cycle. The first step in the centriole duplication cycle is the formation of a procentriole adjacent to the mother centriole (figure 1a). This occurs at only one site per centriole, to ensure centriole number control. We shall refer to this site as the origin of centriole duplication, by analogy to DNA The components important to the discussion here are indicated in the legend. Depicted is a longitudinal section of a mother centriole, which has two types of appendages, distal and subdistal, and lacks the internal cartwheel structure. The base of the mother centriole is embedded in the pericentriolar material. The formation of a procentriole has been initiated by assembly of the stalk and cartwheel from the side of the mother centriole. (a: 1 -4) Stages of procentriole formation, depicted as viewed by cross section of centriole at X in longitudinal section. The mother centriole is not shown in (a: 2 -4) for clarity, but is present and engaged to the procentriole throughout the process shown. (a-1) PLK4 accumulates at a single focus, in conjunction with CEP152 and CEP192, which are distributed in rings around the circumference of the centriole. PLK4 stimulates the assembly of a stalk and ninefold symmetric cartwheel that will provide structure to the procentriole and keep it engaged to the mother centriole. (a-2) Nine A-tubules are nucleated by the gamma-tubulin ring complex (gamma-TURC), in association with the cartwheel. These grow unidirectionally from the proximal to the distal end of the centriole. The A-tubules remain capped by the gamma-TURC throughout the assembly process, eventually being lost at the end of mitosis. (a-3) The B-and C-tubules form by a gamma-TURC-independent mechanism and grow until they reach the length of the A-tubule. replication. What defines the location of the origin of centriole duplication? Emerging evidence suggests that three centriole proteins, PLK4, SASS6 and STIL, have an instructive function in this process as they all localize at the site of procentriole assembly at the G1 -S transition, when centriole assembly is initiated. SASS6 is a structural component of the cartwheel, the ninefold symmetric template structure internal to the proximal end of the centriole (see other chapter) [28] [29] [30] , and STIL is associated with SASS6 [31] [32] [33] [34] . Although SASS6 was previously reported to be the earliest marker at the site of procentriole assembly [35] , two independent reports find that PLK4, a polo-like kinase required for centriole formation [36, 37] , localizes to a dotlike structure at this site prior to SASS6, suggesting that it recruits SASS6 [36, 37] (figure 1a-1) . In Caenorhabditis elegans, SAS-6 is recruited to the centriole by ZYG-1, a functional orthologue of PLK4, thus this might be an evolutionarily conserved mechanism of defining the site of centriole assembly [38] . Strikingly, PLK4 at the centriole changes from a ringlike localization around the centriole barrel (early G1) to the dot-like localization (G1-S transition), and this change coincides with initiation of downstream events of centriole duplication, further supporting the role of PLK4 in marking the origin of centriole duplication [36] . These studies identify PLK4 as the earliest marker that localizes to the site of procentriole assembly, and given that PLK4 is a protein kinase, the most straightforward model would be that PLK4 phosphorylation of downstream proteins in centriole assembly initiates the process. Although some proteins have been shown to be substrates of PLK4 in vitro, including some centriole duplication proteins [39] [40] [41] [42] , there is as yet no direct link between PLK4 kinase activity and centriole initiation.
If PLK4 defines the origin of centriole duplication, what targets PLK4 to the centrioles at the right time and place? Recent studies suggest that two PLK4-binding proteins are important in this process. PLK4 (or ZYG-1) recruitment to the centrioles depends on Asterless in Drosophila [43] and on SPD-2 in C. elegans [44, 45] . Interestingly, in mammalian cells, the orthologues of these two proteins, CEP152 and CEP192, respectively, interact with PLK4 and cooperate in the recruitment of PLK4 to the centrioles [36, 46] (figure 1a-1 ). This recruitment depends on electrostatic interactions between the positively charged polo-box domain of PLK4 and acidic regions of CEP192 and CEP152 [36, 46] . Both CEP152 and CEP192 are distributed symmetrically around the circumference of the centriole barrel [37, 47] , thus, although these studies provide an appealing explanation for how PLK4 is recruited to centrioles, they do not address the fundamental question, which is how is a single site for initiation of a morphological event chosen from a radially symmetric surface? This is, in essence, a symmetry-breaking event, similar to that in choosing a single site for bud formation in budding yeast [48] , or establishment of the axes of a C. elegans embryo [49, 50] . In these cases, and presumably in centriole initiation, there is some form of cooperativity or positive feedback that results in asymmetric accumulation of the relevant proteins in a symmetric background. It is possible, then, that association of PLK4 with CEP192 and/or CEP152 has such cooperative properties, or that the kinase activity of PLK4 provides some positive feedback mechanism to that association. Importantly, such a model would depend critically on the concentration of PLK4 in the cell, and that the concentration be subsaturating with respect to its binding partners; as described below, the concentration of PLK4 is known to be critical to limiting duplication to one site.
Once the site of the origin of centriole duplication is defined on the mother centriole, the next step is formation of the cartwheel [22] (figure 1a-1). The ninefold symmetric structure of the cartwheel is derived from the intrinsic ninefold symmetry of SASS6 oligomers that form the cartwheel [28, 30] . The mechanism of cartwheel formation is covered in another review in this theme issue. The cartwheel dictates the ninefold symmetry of centrioles and initiates sequential assembly of the nine triplet microtubules. Interestingly, in some cases (mammals included), the cartwheel is lost from mature centrioles [22, 51] , thus it is required to make, but not to maintain, the structure of the centriole. Cryoelectron tomography analysis of purified human centrosomes revealed that the centre, or hub, of the cartwheel is at the end of a stalk that is linked to the side of the proximal end of the mother centriole [51] (figure 1a-1). This stalk is likely to be the physical link that keeps the procentriole and mother centriole engaged until the end of mitosis. We will follow the convention of referring to the new centriole as a procentriole while it is engaged to the mother centriole, and as a daughter centriole, once it has become disengaged.
How are microtubules added to the ninefold symmetric cartwheel to form the microtubule triplets found in most species? The microtubules within the triplet are designated A-, B-and C-tubules, with A-being a complete microtubule and proximal to the interior of the centriole, and the B-and C-tubules each sharing a wall with the A-or B-tubules, respectively. Cryoelectron tomography of procentrioles [51] shows that A-tubules are capped at their minus end with a conical structure resembling the gamma-tubulin ring complex structure [52] [53] [54] (figure 1a-2). In agreement with this observation, gamma-tubulin was reported to localize to the core of the mammalian centriole, in addition to the pericentriolar material [55, 56] . Functional studies in a wide range of organisms including Tetrahymena and Paramecium identified an important role for gamma-tubulin during centriole duplication, indicating that it has a highly conserved role in centriole assembly [57] [58] [59] . These results suggest that gamma-tubulin, in association with the cartwheel, nucleates the A-tubule, which then grows as the centriole elongates. Following the nucleation and elongation of the A-tubules, the B-and C-tubules form, but are not capped at their minus end, suggesting that their assembly is initiated by a different mechanism ( figure 1a-3) .
In some organisms, centriole microtubules are singlets or doublets in most cells rather than triplets. For example, C. elegans centrioles have singlet microtubules. It is not clear what is required to make the specialized doublet and triplet microtubules. Recent cryo-electron microscopy (cryo-EM) studies of the centriole [60, 61] clearly show that there are protein densities associated with the centriole microtubules, suggesting that proteins other than alpha-and beta-tubulin are required to make, or stabilize, them. It is interesting to note that although alpha-, beta-and gamma-tubulin are conserved in all eukaryotes, the other members of the tubulin family are not [62] , even in organisms that have centrioles and cilia. This indicates that the other tubulin family members cannot be essential for duplicating the basic structure of the centriole, although they might be required for elaborations of the distal end of the centriole (see below).
Another aspect of the morphological duplication of the centrioles is the elongation of centrioles to a defined length rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 369: 20130460 (figure 1a-4), which is variable in different species and even in different cell types within a species. Given the morphology described above, in which the centriolar microtubules form on a central cartwheel structure [63, 64] , a simple hypothesis for length control is that the length of the cartwheel limits the elongation of the centriolar microtubules. This is consistent with the observation that some very long centrioles have a very long cartwheel [65] . In many organisms, the triplet microtubules extend beyond the cartwheel containing proximal zone of the centriole, and in some (mammals included), the A-and B-tubules extend even further, in a manner that requires POC5 [66] . It is this distal doublet region of the centriole to which the distal and subdistal appendages are attached. These steps of elongation occur in the context of the centriole duplication cycle, and it is likely that they, such as other events of duplication, are regulated processes, because the elongation of the centriole microtubules occurs much more slowly than microtubule polymerization in general. Lastly, a centriole of the appropriate length must be capped on the plus end by CP110 and associated proteins [63, 64] . This cap must be removed to allow elongation of the axonemal microtubule doublets during cilium formation, but premature loss of the cap by depletion of a component allows centriole microtubules to elongate in the cytoplasm, beyond the centriole proper.
Centriole number control
The number of centrioles in most cells is controlled such that a G1 cell has a single pair of centrioles, one mother and one daughter. In the preceding text, we proposed that focal accumulation of a limiting initiator (PLK4) to the origin of centriole duplication might explain why only one procentriole forms next to each mother centriole. However, controlling the number of centrioles also requires that the level of that initiator be tightly regulated, and that there be a block to reduplication in a single cell cycle, which is not obviously explained by the above mechanism. In addition, any block to reduplication must be relieved at the appropriate time, so that the centrioles are 'licensed' to duplicate in the next cell cycle. This is exactly analogous to a replicating DNA molecule with a single origin of replication; that origin fires once and only once in a single S phase, and must be licensed for replication in the next cell cycle.
Consistent with the PLK4 focal accumulation model above, overexpression of PLK4 causes overduplication of centrioles in many cell types and species [67] [68] [69] [70] [71] . Remarkably, in the presence of existing mother centrioles, this overduplication occurs in the form of more than one centriole being initiated at each mother centriole, in a 'centriole rosette' [68, 69] . This suggests that the additional PLK4 occupies more binding sites on the proximal end of the mother centriole, reaching the threshold for centriole initiation at multiple sites. In the absence of existing centrioles, such as in the eggs of Xenopus [72] and Drosophila [70] whose centrioles are naturally eliminated during development, overexpression of PLK4 induces de novo centriole formation, apparently overriding the need for a site on which to accumulate. Clearly, the amount of PLK4 is critical, and accordingly, the molecular mechanisms of PLK4 level control have been well studied. There is evidence for transcriptional regulation of PLK4 [73, 74] , but the main point of regulation seems to be the half-life of the PLK4 protein. Degradation of PLK4 is mediated by SCFb TrCP / ubiquitin-dependent proteolysis, which in turn depends on homodimerization and autophosphorylation of multiple sites on PLK4 [74] [75] [76] [77] [78] [79] . Recent work in mammalian and Drosophila cells showed that phosphorylation of these sites depends on the kinase activity of PLK4, suggesting that PLK4 is a suicide kinase that initiates its own destruction [80, 81] . If PLK4 is indeed a suicide kinase, how then does it achieve a high local concentration at the origin to initiate centriole assembly before it is degraded? PLK4 destruction entails autophosphorylation of multiple sites, including conserved phospho-residues within the downstream regulatory element and a phospho-cluster flanking this element [80, 81] . The kinetics of these reactions is not known, but they occur in trans, thus would be sensitive to concentration. Perhaps PLK4 accumulation at the origin reaches a threshold to initiate centriole duplication, and only after that is the concentration of PLK4 sufficiently high to initiate destruction. Alternatively, the proteolysis machinery could be regulated such that it is locally inactive at the origin. In addition to regulation of the amount of PLK4, the activity of PLK4 is also regulated. The mitogenactivated protein kinase pathway in unfertilized Xenopus eggs was shown to block PLK4-dependent de novo centriole duplication [72] , thus ensuring the paternal inheritance of centrioles. Moreover, the stress-activated protein kinase pathway and p53 regulate centriole duplication during the stress response in mammalian cells by cooperatively regulating PLK4 level and activity [82] .
PLK4 is not the only centriole protein whose level must be regulated to ensure a single round of duplication. Several other core centriole proteins can stimulate the formation of extra centrioles when overexpressed, including STIL and SASS6 [16, 34, 35, 83, 84] . The extent of overduplication is less for these proteins than for PLK4 overexpression, but the importance of their regulation is evident from the fact that STIL and SASS6 both have KEN-box motifs, which are recognized by Cdh1 to target them to anaphase-promoting complex/cyclosomedependent degradation during mitosis [31, 35, 83] . Interestingly, recent work demonstrated that CDK1 triggers relocalization of STIL from the centrosome to the cytosol for degradation [31] . SASS6 has another level of regulation, being targeted for destruction during G2 by the F-box protein FBXW5 [42] , and this destruction is important for limiting duplication.
In addition to the control of the level of initiator proteins, there is also a centrosome-intrinsic block to reduplication which ensures that duplication is initiated only once per cell cycle. This block was revealed by cell fusion experiments in which cells from different stages of the cell cycle, containing duplicated or unduplicated centrioles were fused. In these experiments, a centriole that had previously duplicated (from a G2 cell, for example) was unable to duplicate in the same cytoplasm in which a previously unduplicated centriole (from a G1 cell) was able to duplicate [85] , and thus that a centrosome 'knew' its duplication status and could not reduplicate until passage through mitosis licensed it for duplication in the next cycle. The nature of this centrosome-intrinsic block to reduplication was revealed by in vitro assays with engaged (G2) centrioles in Xenopus egg extracts, which showed that the tight orthogonal association of mother centriole and procentriole, termed engagement, blocks reduplication [86] (figure 1b). Disengagement of these centrioles from each other occurs at the end of mitosis, and is required to license duplication. In vertebrates, centriole disengagement requires the activity of PLK1, a mitotic rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 369: 20130460 kinase distantly related to PLK4, and separase, the protease responsible for sister chromatid separation at the metaphaseto-anaphase transition [87] (figure 1b). Having common regulatory proteins for both centriole duplication and chromosome segregation serves to couple these two cycles. This is important because, for example, disengagement of centriole pairs in a mitotic cell prior to chromosome segregation could result in multi-polar spindles, which interfere with normal mitotic chromosome segregation.
How do PLK1 and separase coordinate centriole disengagement with mitotic exit? A simple model is that there is a physical link between the mother centriole and procentriole and that PLK1 promotes separase-dependent cleavage of this link during mitotic exit. This is reminiscent of the PLK1-promoted separase-dependent cleavage of the chromatid linker cohesin to effect sister chromatid separation [88] . We note that a possible candidate for this link is the stalk, visible by cryo-EM [51] and shown in figure 1 . Support for this model came from the demonstration that the protease activity of separase is required for disengagement [86, 87] , and from a study identifying cohesin itself as the disengagement-specific separase substrate [89] . This latter result was particularly appealing, because it furthered the mechanistic link between the centriole cycle and chromosome cycles.
What is the evidence for and against cohesin being the centriole engagement linker? The cleavage of cohesin by separase occurs at a defined site and it is possible to either mutate that site to make the protein non-degradable, or to replace that site with the recognition site for a different protease. Tsou et al. [87] expressed a non-degradable form of the cohesin subunit SSC1 and found that it prevented sister chromatid separation, as expected, but did not prevent centriole disengagement, suggesting that cohesin is not the engagement link. However, Schokël et al. [89] performed a similar experiment and obtained the opposite result, implicating cohesin. They then engineered cohesin subunits to contain cleavage sites for human rhinovirus or tobacco etch virus protease and showed that disengagement of centrioles could now be effected by those proteases in vitro and in vivo. These results would seem to argue compellingly that cohesin in some form is the engagement linker, but recent experiments in Drosophila showed that cohesin cleavage is insufficient for centriole disengagement [90] . Further, experiments in C. elegans show that cleavage is required for centriole disengagement only after meiosis II, and not for disengagement during mitotic cycles [91] . Lastly, Matsuo et al. [92] identified the centrosome protein pericentrin as a separase substrate, suggesting that it instead might be the important substrate of separase for centriole disengagement. The best that can be said at this point is that there is a physical link between the mother centriole and procentriole that keeps them engaged, but that the molecular identity of the engagement link, and the nature of its dissolution by PLK1 and separase, remain unclear.
How does disengagement license centrioles for duplication? A simple hypothesis is that centriole engagement suppresses further centriole assembly by sequestering at the origin one or more activities that are rate-limiting for centriole duplication, such as PLK4. Disengagement would either erase this origin mark on the mother centriole, or allow it to be reused, allowing the formation of a new centriole. Consistent with this hypothesis, Loncarek et al. [93] showed that removal of a procentriole by laser ablation allows initiation of another procentriole on the mother centriole. Why does not the procentriole itself initiate a new centriole during S phase? Wang et al. [94] showed that PLK1-dependent modification of daughter centrioles during early mitosis, in addition to disengagement, is required to make them competent for centriole duplication in the next cell cycle, consistent with previous reports of a PLK1 requirement for reduplication in S phase [95] .
We propose the following as a general model for centriole duplication control in animal cells. Note that, beginning from G1 phase of the cell cycle, a cell has a pair of disengaged centrioles: the mother centriole from the previous cell cycle and the daughter centriole, derived by disengagement of the procentriole from the mother at the end of mitosis. Both these centrioles are competent to duplicate, and, although they differ in other ways, they are the same with respect to duplication and will be referred to as 'mother centriole' below for the sake of simplicity.
(i) At the G1/S transition, the mother centriole acquires a single focus of PLK4 by a cooperative binding/ positive feedback mechanism, creating an origin of duplication that initiates procentriole formation. (ii) The mother centriole does not initiate a second procentriole, because PLK4 is limiting and cooperativity ensures that all free PLK4 goes to the existing single origin. The procentriole does not initiate a procentriole, because it is unmodified by PLK1, and thus is not competent to recruit the origin proteins. (iii) At the G2/M transition, PLK1 modification of procentrioles makes them competent for recruiting pericentriolar material proteins involved in microtubule nucleation and organization, such as g-tubulin [57, 94] . Once this happens, centrioles become competent to organize microtubule-organizing centres and duplicate in the next cell cycle. (iv) At mitosis, the two pairs of centrioles, each consisting of a mother centriole and an engaged procentriole, associate with the mitotic spindle. Passage through mitosis licenses the mother centriole by disengaging the procentriole, allowing a new focus to form, or the old to be reused, and licenses the daughter by PLK1-dependent modification. Thus, in the ensuing G1, both centrioles received by a cell are competent for duplication.
We note that one glaring omission from this model is how the first step, formation of the centriole origin of duplication at the G1/S transition, is made to occur only at that time. This could involve the activity of the CDK2 kinase, which is activated at the G1/S transition. CDK2 was demonstrated to be required for centriole duplication in Xenopus eggs [96, 97] and centriole overduplication in somatic cells [98, 99] . However, CDK2 activity is dispensable for normal centriole duplication (and for cell cycle progression in general) in cycling cells [98, 99] , and for PLK4-induced de novo centriole formation in frog egg extracts [72] . This suggests that there is redundancy in Cdks that can initiate G1/S events-there is evidence that Cdk4 is involved in regulating centriole duplication [100] -and possibly that the requirement for Cdk activity can be bypassed by activating the pathway downstream of that requirement. Other, non-Cdk proteins might regulate the timing of centriole duplication by coupling it to the events of DNA replication. For example, the replication proteins MCM5 [101] and ORC1 [102, 103] both inhibit centrosome reduplication, apparently by interacting with cyclin A/CDK2 and cyclin E/CDK2 at the centrosome. 
Specific variations on the general duplication machinery
The abovementioned model accounts for centriole number control in most somatic cycling animal cells. There are two variations on this theme of number control that we consider here: multi-ciliated cells which form hundreds of centrioles during differentiation, and embryos in which centrioles are not derived from the sperm, which must generate centrioles de novo and achieve proper centriole number subsequently. Multiple centrioles form near-simultaneously in some specialized cell types, including the multi-ciliated epithelial cells in animals and the ciliated sperm of land plants. Although the morphological events of centriole duplication in multiciliated cells have been well described by electron microscopy [104] [105] [106] [107] [108] , the molecular pathway underlying these events has only recently been characterized (figure 2a). In multiciliated cells of vertebrates, such as mammalian tracheal epithelial cells [109] , most of the genes for known centriole components and duplication factors are strongly upregulated. PLK4, for example, is upregulated more than 20-fold during differentiation of these cells. Transcriptional upregulation does not explain all of the properties of centriole amplification in these cells, however. Although some centrioles form around the pre-existing centrioles, the majority are assembled adjacent to deuterosomes, a structure unique to multi-ciliated cells that has no morphological resemblance to a centriole. Given that the centriole duplication pathway in these cells largely uses the same components as cycling cells [9] , what is special about deuterosomes that they are able to initiate the assembly of multiple centrioles? Recent work shows that multi-ciliated cells specifically express DEUP1/CCDC67, a paralogue of the cycling cell centriole protein CEP63, that, such as CEP63, interacts with centriole duplication proteins [110] [111] [112] [113] . DEUP1 localizes to deuterosomes and depletion of DEUP1 causes loss of deuterosomes, and greatly reduced centriole number. CCDC78 is another protein that localizes to deuterosomes [114] and is important for centriole assembly. We propose that multi-ciliated cells achieve the ability to form hundreds of centrioles simultaneously by a combination of a transcriptional programme that massively upregulates centriole components and the expression of specific proteins that modify the duplication pathway such that it becomes independent of cell cycle progression and of the requirement for a centriole to be the site of duplication. One aspect of centriole assembly in multi-ciliated cells that still is mysterious is whether the number of centrioles produced by deuterosomes is regulated, and, if so, how. This could be as simple as centriole number being dictated by the amount of limiting centriole assembly proteins, but might be more complex, linking the duplication process to apical membrane area and extracellular cues.
There are other situations in which multiple centrioles form, and the relationship between these and the deuterosome pathway is not clear. One example is the olfactory sensory neurons, which are the main sensory cells in the olfactory epithelium [115] . In these neurons, dendrites extend towards the nasal cavity, ending in a knob containing 10-30 centrioles from which cilia project to the epithelial surface. Ultrastructural studies suggested that these centrioles assemble near-simultaneously in the cell body and migrate to the dendritic knob [116, 117] , but whether the centrioles are nucleated from pre-existing centrioles or deuterosomelike structures is not known (figure 2b). Another example is the multi-ciliated sperm cells of primitive land plants [118] [119] [120] [121] . Centriole formation during spermatogenesis in these plants is characterized by the appearance of a large structure, the blepharoplast, that consists of radially arranged ninefold symmetric structures (figure 2c). These resemble the cartwheel that initiates procentrioles [120] , suggesting that these structures act as templates for procentriole formation. The blepharoplasts disintegrate at the end of mitosis, releasing procentrioles that elongate and form mature centrioles. The genome sequences of some of these plants have been determined, and some of the known centriole duplication proteins are conserved [20] , suggesting that the blepharoplast represents an alternative manifestation of the same conserved centriole duplication machinery.
Centriole number control also differs from that of somatic cycling cells in embryos in which the centrioles are not derived from the sperm. In most animals, the sperm cell has one or two centrioles that are introduced into the egg upon fertilization, then duplicated, initiating the pathway described above for cycling cells. However, in some organisms, the embryo develops parthenogenetically, without sperm, thus centrioles must be formed de novo, and number control exerted after formation. For example, in insects of the hymenoptera order, hundreds of centrioles form de novo during the late stages of oogenesis [122, 123] (figure 2d). These centrioles then recruit pericentriolar material and form microtubule asters. From these many centrosomes, only two become associated with the female pronucleus and form the mitotic spindle, whereas others degenerate, thus establishing the correct ratio of centrioles to nuclei. These observations are consistent with the re-emerging view that the mitotic spindle is important for both chromosome segregation and centrosome segregation [124] . In other example of de novo centriole formation, it is less clear how the appropriate number of centrioles is achieved; however, an alternative mechanism is raised by Naegleria, in which centrioles form de novo, in the developmental transition from an amoeba to a flagellate under stress conditions [125, 126] . Here, it appears that only the desired number of centrioles (two) is formed, suggesting that number control can be exerted at the time of initiation of de novo centriole formation.
Concluding remarks
The past decade has seen great progress in defining the protein 'parts list' of the centrosome, and in identifying the proteins and activities that are required for centriole duplication. However, as in all of the great problems in biology, we still do not understand many of the fundamental properties of this remarkable organelle. We have chosen to focus this review on consideration of how the structural features of the centriole, which define it as a highly conserved component of eukaryotic cells, might be duplicated once per cell cycle. The importance of the cartwheel and its constituent proteins to our understanding of the events at the origin of centriole duplication, reviewed elsewhere in this volume, illustrates the critical importance of relating structure to function in the centriole. More studies combining in vitro reconstitution and structural analysis will be required to address the mechanism of centrosome assembly and determine what components are sufficient for the process, as opposed to those that are necessary, which is easier to determine using genetic manipulation. We believe that these questions, as well as those concerning the mechanism of centriole number control, will benefit from consideration of some of the special cases that we have highlighted here, in which centriole duplication in differentiated cells is uncoupled from cell cycle transitions.
